Background: Despite several investigations, second malignancy risks (SMR) following radiotherapy alone (RT), chemotherapy alone (CT) and combined chemoradiotherapy (CRT) for Hodgkin's lymphoma (HL) remain controversial.
The main objective of the present investigation was to compare overall SM risks in HL patients following first-line treatment with radiotherapy alone (RT), chemotherapy alone (CT) or combined chemoradiotherapy (CRT). Involved-field (IF) and extended-field (EF) RT were also compared. The investigation was carried out and electronically published as a Cochrane Collaboration systematic review [31] .
methods
We aimed to collect individual patient data (IPD) from all randomised trials comparing RT, CT and/or CRT or comparing IF with EF or subtotal or total nodal RT (with or without CT) in newly diagnosed HL patients which enrolled at least 30 patients and which finished recruitment before or during 2000. Trials were sought in electronic literature databases, relevant conference proceedings from 1980 to 2001, lists of clinical trials, reference lists of all relevant retrieved publications and previous meta-analyses of HL.
IPD were requested from investigators from each eligible trial, including date of birth, sex, date of (first) HL diagnosis, stage of disease, presence or absence of B symptoms, treatment arm by randomisation, date of randomisation, remission status at the end of first-line treatment (with date), occurrence and date of relapse, occurrence, date and type of SM, occurrence and date of death and date of last follow-up information. All data were checked for completeness and consistency.
All patients who were randomly assigned in each trial were included (intention-to-treat), unless the first diagnosis of HL was reported as erroneous. A small number of patients for whom the relevant data fields were missing had to be excluded. As a preparatory step, each trial was analysed separately, comparing the treatment arms with respect to recruitment times, patient characteristics, complete remission rate, length of follow-up, overall survival (OS), event-free survival and time to SM. This step investigates the comparability of the treatment arms and the consistency of the data with previous publications of the trial.
Each trial was assessed for the following aspects of trial quality: randomisation method, adherence to the intention-to-treat principle, reliability of SM follow-up methods, completeness of follow-up and completeness of SM reporting. To assess completeness of follow-up, the median follow-up time was calculated using the Kaplan-Meier method [32] . The distribution of last information dates was quantified; both high variability (large interquartile range) in relation to the median follow-up time and significant differences between treatment arms indicate less reliable follow-up.
Furthermore, observed SM incidence was compared with that expected in an age-and sex-matched cohort from the general population using data from USA and European cancer registries.
Randomised comparisons of RT versus CRT, CT versus CRT, RT versus CT and IF-RT versus EF-RT (with or without CT), respectively, were combined across the appropriate trials as follows. First, a measure of the ratio of SM incidence between the treatment arms of each trial was calculated separately, together with an estimate of the variance of this quantity, according to the method of Peto et al. [33, 34] . This method makes comparisons within each time period separately and thus takes account of the varying lengths of follow-up among the various trials. These measures were combined across trials relevant to the comparison being made to obtain a pooled Peto odds ratio (OR) for SM rate, i.e. the estimated SM treatment effect. For the OR, 95% confidence intervals (CIs) are also given. The three classes of SM [acute leukaemia (AL), non-Hodgkin's lymphoma (NHL) and ST] were also analysed separately, censoring at occurrence of the other two classes, as were lung and breast ST.
Subgroup analyses were performed to investigate whether the SM treatment effect depended upon patient characteristics or treatment type.
The following subgroups were employed: stage (Ann Arbor) (early stage = I and II and advanced stage = III and IV), age (0-15 years, 16-39 years, 40-59 years and 60 years and older) and sex. Treatment-related subgroups were extent of RT (IF, more than IF) for CT versus CRT, type of CT (anthracycline containing, others) for RT versus CRT and CT versus CRT. Results are displayed chronologically by recruitment period in order to reveal any time period effects.
Separate analyses were conducted with and without including SM that occurred after salvage therapy. For the latter, follow-up times were censored at HL progression/relapse and subsequent SM were ignored.
Sensitivity analyses were performed to check that the results were not crucially dependent on selection criteria or analysis methods. First, analyses were repeated with the exclusion of the less complete follow-up periods in each trial: for each trial, follow-up times were censored at the calendar date at which 75% of surviving patients in that trial were still being followed ('cut-off'). Secondly, SM risk comparisons were analysed together by Cox proportional hazards regression [35] including relevant covariates and stratified by trial. Thirdly, the analysis was rerun excluding confounded trials. Fourthly, SM and ST analyses were repeated excluding non-melanoma skin cancers (NMSC) (as in many previous investigations of SM; some included trials did not record such cancers). Finally, the cumulative incidence method [36, 37] , which allows for competing risks (deaths from other causes compete with second malignancies), was employed and the results qualitatively compared with those of the main analysis.
results Seventy-six trials were identified as eligible, of which one was excluded after correspondence with the authors because it was not randomised. Although trials with <30 patients were to be excluded, we included a number of small Stanford University trials by amalgamating those with similar design and simultaneous or successive recruitment, and counted and analysed these as a single 'trial.' One dataset (St Jude Children's Research Hospital) received as a single trial was split into two trials for the analysis, each with <30 patients, since two distinct study designs were applied to two groups defined by stage. One submitted dataset was excluded because no second malignancies were recorded.
In total, IPD from 37 trials could be analysed , including four which contributed to more than one treatment comparison. The earliest trial began accrual in 1962 and the latest ended accrual in 2000. Trial size ranged from 24 to 1136 patients. Data could not be obtained for a large number of otherwise eligible studies Eight trials had an unconfounded design, i.e. the same radiotherapy was planned in each treatment arm. Seven trials were confounded, with (sub)total nodal irradiation [(S)TNI] in the RT arm and IF or mantle field in the CRT arm. The nine earlier trials used a regimen without anthracycline [a combination chemotherapy with mechlorethamine, vincristine, procarbazine and prednisone (MOPP) typically six times], whereas the six more recent trials included an anthracycline doxorubicin bleomycin vinblastine dacarbazine (ABVD) typically six times.
There was a higher overall risk of SM with RT alone compared with CRT (P = 0.03, OR = 0.78 for all stages together)-see Figure 1 . This effect was most marked in stage III patients (P = 0.02, OR = 0.45) and did not reach significance in patients with stage I/II disease (P = 0.13, OR = 0.83).
The treatment effect of higher SM risk with RT alone was also seen when considering ST only (P = 0.05, OR = 0.78) and when considering NHL only (P = 0.03, OR = 0.46). AL risk was higher (though not significantly so) with CRT (P = 0.21, OR = 1.55 for early stages). No treatment effects were seen when considering either lung cancer or breast cancer alone.
If follow-up was censored at progression/relapse of HL, the SM treatment effect largely disappeared in both early and advanced stages (P = 0.51, OR = 1.11 for all stages together). Similar results were seen when considering ST only or NHL only; whereas, for AL only, there was a significantly higher risk with CRT (P = 0.01, OR = 3.40) when censoring at progression/ relapse.
CT versus CRT
Sixteen studies with 2861 patients in total (53% of those in all the eligible identified trials), recruited from 1966 to 2000, were included (Table 2 ). Data could not be obtained for 12 other trials. There were 696 patients with early-stage (I-II) and 2165 with advanced-stage (III-IV) disease.
Ten trials were unconfounded, i.e. identical chemotherapy in each treatment arm, typically six cycles of MOPP or ABVD. Only the four most recent trials included an anthracycline (doxorubicin). Three trials were partially and three fully confounded, specifying more cycles in the CT arm than the CRT arm for some and all cases, respectively. The earliest five trials (1966-1974) used EF-RT or TNI, whereas the majority of subsequent trials used IF-RT.
SM risk was higher with CRT than with CT alone (P = 0.05, OR = 1.38 for all stages together)-see Figure 2 . In early stages alone, no significant effect (P = 0.73, OR = 1.17) was seen.
A modest treatment effect was seen in AL alone for all stages together (P = 0.07, OR = 1.82). There was no treatment effect for NHL or ST alone.
The effects are largely unchanged, but favour CT somewhat more strongly, if follow-up is censored at progression/relapse 
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(P = 0.01, OR = 1.60 for all stages together, no difference for early stages alone). In this case, there are somewhat more ST (P = 0.07, OR = 1.60) and significantly more leukaemias (P = 0.01, OR = 2.75) with CRT than with CT (but no difference in NHL).
RT versus CT
Three studies with 415 patients in total (57% of those in eligible identified trials), recruited from 1974 to 1988, were included (Table 3) . IPD could not be obtained for three other trials. Two trials recruited stages I-II and one recruited stage III. Mantle Excluded trials (eligible, but individual patient data not obtained): BNLI TNI versus 6MOPP (n = 165), NCI EF versus 6MOPP (n = 86), St Bartholomews, London, TNI versus 6MVPP (n = 60). ABVD, doxorubicin bleomycin vinblastine dacarbacine; BOPP, BCNU vincristine procarbazine prednisone; CALGB, Cancer and Leukaemia Group B; CT, chemotherapy alone; EF, extended field; MOPP, combination chemotherapy with mechlorethamine, vincristine, procarbazine and prednisone; RT, radiotherapy alone; TNI, total nodal irradiation.
original article Annals of Oncology field, EF and TNI radiotherapy were compared with six cycles of MOPP, BCNU, vincristine, procarbazine and prednisone (BOPP) and ABVD, respectively. There were non-significantly more SM with CT than RT (P = 0.13, OR = 2.12 for all stages); this difference was more pronounced for the early stages (P = 0.05, OR = 3.37)-see Figure 3 . There were insufficient events to analyse each type of SM. In the analysis censoring follow-up at progression and relapse, no significant treatment effect was seen (P = 0.30, OR = 1.99).
IF-RT versus EF-RT
Ten studies with 3221 patients in total (69% of those in eligible identified trials), recruited from 1962 to 1999, were included (Table 4) . IPD could not be obtained for three other trials. Eight trials were mainly for early-and two mainly for advanced-stage disease.
Two studies (259 patients in total) planned no chemotherapy, six planned identical chemotherapy in each arm and two specified, in certain cases, more cycles in the IF-RT arm than in the EF-RT arm (i.e. partially confounded). Chemotherapy was MOPP like, MOPP/ABVD like or ABVD except in one study, usually with three to six cycles.
Neither were there significant differences in the rate of SM between EF-RT and IF-RT (P = 0.28, OR = 1.17 for all stages)-see Figure 4 -nor were there significant differences in AL, NHL or ST rates. For breast cancers alone, there was a significantly greater risk with EF-RT (P = 0.04, OR = 3.25) but no significant difference for lung cancers (P = 0.22).
When follow-up was censored at progression/relapse, the tendency to more SM with EF-RT was stronger but still not significant (P = 0.09, OR = 1.54).
For all comparisons, subgroup analyses did not reveal relevant differences in the SM OR between subgroups. No time trends are discernable in the Forest plots arranged in chronological order of recruitment period (Figures 1-4) . Sensitivity analyses did not lead to relevant changes in the results, although restrictions to unconfounded trials, to fully documented time periods or exclusion of NMSC led to reduced significance of any treatment effects. Competing risk analyses produced results in qualitative agreement with the main analysis.
discussion
This systematic review is one of the largest investigations of SM yet performed. To the authors' knowledge, it is the only large study of SM risk employing randomised comparisons, except for the meta-analyses by Loeffler et al. [104] and (concerning deaths from SM) Specht et al. [77] .
conclusions
RT as a first-line treatment strategy for stage I-III patients leads to a higher overall rate of all SM, ST and NHL, respectively, than a combined modality strategy. This appears to be due to the significantly greater rate of progression/relapse and therefore intensive salvage therapy after RT alone, since the effect vanishes in an analysis censored at progression/relapse.
Administration of RT in addition to CT in first-line treatment of advanced-stage patients appears to increase the overall rate of all SM and AL, respectively (borderline significance). There was no evidence of such an effect in early stages, but data were limited.
Perhaps surprisingly, our analysis did not convincingly demonstrate a higher rate of SM due to EF-RT rather than IF-RT, with the exception of breast cancers (OR 3.25 observed). An analysis censored at progression/relapse indicated a higher SM rate with EF (borderline significance), which may have been offset in the overall analysis by the significantly higher rate of progression/relapse [31] , and therefore salvage therapy, after first-line IF.
limitations of included studies
The large majority of studies used adequate methods of randomisation resulting in treatment cohorts well balanced with respect to patient characteristics. In many studies, certain randomised patients were excluded from the trialists' own analyses, against our intention-to-treat principle. We could not always reinclude such patients in our analysis: either they were omitted from the dataset or outcome data were missing. Twelve of 37 trials had a median follow-up of at least 20 years (Tables 1-4) . Several of the largest trials, however, had a median follow-up of between 4 and 6 years, too short for detection of ST in particular. Loss to follow-up resulted in a dispersion of dates of last information in most trials (the largest interquartile range was nearly 10 years). This is a potential source of bias in estimating event rates. We, however, found no evidence of differences in follow-up pattern between the treatment arms in any trial, so a bias in treatment effect is not suggested.
The greatest source of uncertainty, in our opinion, is the reliability of reporting of SM. Particularly, the earlier trials were not designed to provide information on SM risk; underreporting is likely. Most trialists assessed their SM information as 'probably incomplete.' Few had cross-checked with death or cancer registries. Comparison of observed SM rates with those expected on the basis of cancer registry data implied serious underreporting in a few trials. On the other hand, SM rates may be overreported in the sense that patients without an event are more likely to be lost to follow-up. A bias in the estimation of treatment effect would result only if such 
meta-analysis methods
In order to obtain adequate numbers of SM events for reliable comparisons, we included trials spanning four decades with varying diagnostic and therapeutic methods. Treatment differences may vary widely according to chemotherapy regimen and radiotherapy technique. Irradiation techniques have advanced considerably since the 1960s and this may have reduced SM risk. The use of new chemotherapy drugs, avoiding alkylating agents and favouring anthracycline-containing combinations have been shown to reduce the risk of second AL [105] . Subgroup analyses generally lack power to elucidate these variations reliably. Development of more effective salvage treatment strategies will also have altered survival rates and SM risk after first-line treatment failure.
It was decided in advance to count all SM as events, including NMSC which were not counted in some previous investigations of SM after HL. Some contributing trialists did not submit data on NMSC. We, however, performed sensitivity analyses not counting NMSC as events, which led to ORs closely consistent with the main analysis.
Although each type of SM (AL, NHL and ST), as well as lung and breast cancers, was analysed separately, total SM was the main outcome measure, since the larger number of events thus available permitted a more powerful analysis. One must, however, be aware that the counted events differ in severity.
In the present analysis, early (stages I-II) and advanced (stages III-IV) disease were analysed both together and separately. The comparisons RT versus CRT and IF-RT versus EF-RT were based largely on early-stage patients, while the majority of patients in the CT versus CRT comparison had advanced-stage disease. For reasons of statistical power, we defined the combined analysis as the main one. Heterogeneity between stages in the comparison of overall second malignancy risk, however, is likely because both (i) the treatment intensity of each modality and (ii) the progression/relapse rate and thus the frequency of salvage treatment are stage dependent. For this reason, firm conclusions for a particular comparison have been drawn only for those stages where the data for this comparison are adequate.
We found no evidence of differences in treatment comparison of SM risk according to age or sex, but again, subgroup analyses are underpowered and might miss real differences. No data were available on many potential SM risk factors, such as smoking habits.
previous evidence
The meta-analysis by Loeffler et al. [104] reported significantly more deaths due to second AL with CRT compared with CT alone in predominantly advanced-stage patients (hazard ratio 2.48, P = 0.038). In the present analysis, concordant results were obtained (OR = 1.82, P = 0.07; censoring at progression/relapse: OR = 2.57, P = 0.02). The meta-analysis by Specht et al. [77] did not detect any difference in SM-related death rates between IF-RT versus EF-RT or between RT versus CRT.
Several previous studies [5, 6, 9, 13, 21, 23] reported higher SM risk with CRT than with RT alone; none found higher risk with RT alone as in the present review. This presumably reflects the fact that the (many) patients relapsing after RT and receiving salvage CT were classified in the CRT group in most previous studies. The report by Ng et al. [21] , which classified patients according to first-line treatment only, also obtained a significantly higher relative risk of SM with initial CRT than with initial RT alone; however, this analysis included all stages IA-IVB, so patient groups with greatly differing treatment intensities were compared.
A few studies showed higher risk with CRT than with CT alone, but most found no difference. The present analysis demonstrated a higher SM rate with CRT.
Various studies have demonstrated a higher SM or AL risk with CT than with RT. The present analysis, based on an inadequate number of patients, demonstrated a non-significant trend in this direction. Two studies [21, 28] have reported a higher risk with EF-RT than with IF-RT. In the present analysis, the trend in this direction was not significant.
With two exceptions [26, 20] , no significant differences between treatment modalities in the risk of ST had been previously observed, nor was a significant difference in NHL risk 
implications for research
Assessment and comparison of SM risk requires reliable longterm follow-up data from large numbers of patients, ideally those enrolled in randomised trials making the relevant treatment comparisons. Although the present analysis was able to detect significant differences in SM rates, the P values obtained were not small enough to confirm these differences beyond reasonable doubt. CIs for relative SM risks are wide.
Routine follow-up documentation should include questions concerning the occurrence, type and site of second malignancies. Update campaigns should aim to fill in missing information 20-30 years after the recruitment period. Where possible, trialists should collaborate with death and cancer registries in order to record mortality and SM as completely as possible. This meta-analysis must be updated with longer follow-up from the included studies, as well as further eligible trials, if possible restricted to currently relevant treatment regimens. 
